Introduction
============

Anterior cruciate ligament (ACL) dysfunction leads to the progression of osteoarthritis and adjacent tissue damage caused by knee instability[@B1]. The goal of ACL reconstruction is to restore the normal stability and kinetics of the knee joint. Factors that can influence the outcomes of an ACL reconstruction include patient selection, surgical technique, postoperative rehabilitation, and the extent of combined ligament injury. With regard to the surgical technique, femoral and tibial tunnel positioning, graft selection, tension to the graft, and graft fixation method are of particular importance[@B2],[@B3]. In spite of the constant improvement in surgical techniques, the presence of rotational instability and development of delayed osteoarthritis have still been the focus of concern in ACL reconstruction. Anatomical tunnel placement has been suggested as a strategy to reduce rotational instability and complications of ACL reconstruction, such as arthritis[@B4]. The advances in anatomy and biomechanics of the knee have shifted the concept of a proper femoral tunnel position from the is ometric point to the anatomic location[@B5]. The anatomic position of a tibial tunnel is between the anteromedial (AM) and posterolateral (PL) bundles of the ACL or at the center of the tibial insertion site of the entire ACL. The anatomic position of a femoral tunnel is away from the posterior margin of the femoral ACL footprint by the same distance between the anterior margin of the ACL footprint and the center of the tibial tunnel when the knee is in 90° flexion. The most common techniques for femoral tunnel placement are the transtibial technique, AM portal technique, and outside-in technique. Giron et al.[@B6] reported that anatomic femoral tunnel placement was unattainable even with any modifications of the transtibial techniques. In addition, the AM portal technique resulted in creation of a relatively short femoral tunnel and had the risk of causing damage to the articular cartilage of the medial femur. The orientation of the femoral tunnel becomes more horizontal with the outside-in technique than with the transtibial technique. Some recent biomechanical studies have suggested that a more oblique femoral tunnel in the coronal plane is advantageous in preventing anterior translation and internal rotation of the tibia[@B7]-[@B9]. On the other hand, one of the drawbacks of the outside-in technique is the need for an additional incision. In this study, we compared the clinical and radiographic results of single-bundle ACL reconstructions using a conventional transtibial technique and an outside-in technique under the hypothesis that the latter that allows for anatomic reconstruction would produce more satisfying clinical results, rotational stability in particular.

Materials and Methods
=====================

1. Patients
-----------

Of the patients who had undergone a single-bundle ACL reconstruction between 2007 and 2011, 89 patients who were available for ≥1-year follow-up were included in this study. The ACL reconstruction was performed using a conventional transtibial technique in 41 patients and an outside-in technique in 48 patients. The ACLs were reconstructed with tibialis tendon allografts in all patients. The transtibial technique was used for ACL reconstruction until August 2009 and the outside-in technique was employed thereafter. The mean age of the patients at the time of surgery was 31.02 years (range, 19 to 41 years). The mean follow-up period was 30 months (range, 13 to 57 months). The mechanism of injury was sports activities in 24 patients (58.5%) in the transtibial group and in 29 patients (60.4%) in the outside-in technique group. The combined injury was a meniscal tear and a medial collateral ligament injury in 8 and 2 patients, respectively, in the transtibial group and in 10 and 3 patients, respectively, in the outside-in technique group. Conservative treatment was performed for the stable meniscal tear that was defined as ≤3 mm tear of the peripheral rim in 3 patients. For the remaining meniscal tears, arthroscopic suture repair was carried out. Patients who underwent a concomitant surgery in ACL reconstruction for other combined injuries, such as a medial/lateral collateral ligament injury, posterior cruciate ligament injury, and PL structure injury, were excluded from the study. There was no statistically significant difference between the two groups regarding age, gender, and combined injury ([Table 1](#T1){ref-type="table"}).

2. Conventional Transtibial Technique for Femoral Tunnel Placement
------------------------------------------------------------------

ACL reconstruction using the conventional transtibial technique was performed in the order of tibial tunnel placement, femoral tunnel drilling, and graft insertion and interference screw fixation. After confirming the ACL tear with arthroscopy, a minimal notchplasty was performed to prevent graft impingement. The remnants of the torn ACL were debrided prior to reconstruction. A tibial dill guide (Arthrex Inc., Naples, FL, USA) set at an angle of 45°-50° was inserted through the AM portal and the center of the exit point of the guide was placed 1-2 mm posterior to the center of the tibial footprint. The entry point of the tibial tunnel was placed anterosuperior to the junction of the medial collateral ligament and pes anserinus and a guidewire oriented at 40°-45° with regard to the tibial axis was drilled. With the knee placed in approximately 90° flexion, a femoral tunnel guide (Arthrex Inc.) was introduced through the tibial tunnel inside the joint. With the tip of the femoral guide aimed at the 10:30 or 1:30 position, a guidewire was positioned at the center and drilled. A graft was placed in the femoral tunnel, rotated by 120°, and fixated with Rigidfix (Mitek, Norwood, MA, USA). For graft fixation in the tibial tunnel, after confirming there was no impingement between the graft and the intercondylaar notch, interference screw fixation was performed with the knee in 30° flexion and a 40N tension applied to the graft using the SE Graft Tensioning System (Linvatec Co., Largo, FL, USA). Subsequently, after ligating the suture on the cortical screw, additional fixation was performed with a pike washer.

3. Anatomic Femoral Tunnel Placement Using the Outside-in Technique
-------------------------------------------------------------------

Femoral tunnel drilling was performed in a retrograde fashion with the FlipCutter (Arthrex Inc.), taking care to match the tunnel diameter with that of the graft. Since the FlipCutter is available in various sizes with an increment of 1 mm, the size of the FlipCutter was determined according to the diameter of the graft. With the knee in 90° flexion, the native ACL position was examined by placing the tip of an arthroscopic probe on the proximal articular border of the femur: it located just below the over-the-top position and just above the superior margin of the cartilage of the lateral femoral condyle. The center of the ACL remnants that was located halfway between the posterior fossa of the lateral intercondylar ridge and the lateral bifurcate ridge was marked with a microfracture awl. Subsequently, the FlipCutter was inserted using the femoral guide that was oriented at 90°-100°. With the FlipCutter, a 20 or 25 mm deep femoral socket that allows for the space for the flipped Endobutton Fixation Device (Smith & Nephew, Andover, MA, USA) was created. As in the conventional transtibial technique, the entry point of a tibial tunnel was placed anterosuperior to the junction of the medial collateral ligament and pes anserinus, and a guidewire was drilled. After confirming there is no impingement between the graft and the intercondylaar notch with the knee in extension, the graft was fixed with an absorbable screw of a diameter equal to the tibial tunnel size under a 40N tension applied by the SE Graft Tensioning System. After interference screw fixation using an absorbable screw that matches the diameter of the tibial tunnel, supplemental fixation was performed with a spiked washer following ligature of the suture around the 4.0 mm cortical screw.

4. Clinical Assessment
----------------------

On the clinical assessment, two orthopedic surgeons evaluated range of motion (ROM), Lachman test grade, pivot shift test grade, International Knee Documentation Committee (IKDC) subjective knee score, Lysholm score, and Tegner activity level score at the last follow-up in the outpatient clinic. Ligament laxity was assessed using the KT1000 Arthrometer (Medmetric Co., San Diego, CA, USA).

5. Radiographic Assessment
--------------------------

The coronal inclination and sagittal inclination of the femoral tunnel were assessed for comparison of the two techniques. The coronal inclination of the femoral tunnel was measured as the angle between the long axis of the femoral tunnel and a line drawn along the intercondylar articular surface of the femur on the anteroposterior radiograph. The sagittal inclination was measured as the angle between the long axis of the femoral tunnel and a line tangent to the posterior femoral cortex on the lateral radiograph ([Fig. 1](#F1){ref-type="fig"}).

6. Three-Dimensional Computed Tomography (3D CT) Assessment
-----------------------------------------------------------

A CT scan with a slice thickness of 1.25 mm was performed between the 2nd and 4th postoperative weeks. The data from the CT scan was reconstructed into 3D images using the Aquarius Net Viewer (V4.4.6.85, TeraRecon, San Mateo, CA, USA). The location of the femoral tunnel on the postoperative 3D reconstructed CT scan image was assessed using the quadrant method described by Bernard and Hertel[@B10]; a grid that was formed by a line parallel to the Blumensaat\'s line that corresponds to the roof of the intercondylar notch and another line tangent to the posterior wall of the lateral femoral condyle was superimposed onto the image ([Fig. 2](#F2){ref-type="fig"}).

7. Statistical Analysis
-----------------------

Statistical analysis of clinical data was performed using SPSS ver. 11.0 (SPSS Inc., Chicago, IL, USA). Fisher\'s exact test was used to analyze the IKDC subjective knee score and the Lachman test grade. The Mann-Whitney test was used to compare differences in the Lysholm grade and Tegner activity level score. A p-value of the KT1000 Arthrometer test was calculated using a paired t-test. The pivot shift test grade was evaluated using the chi-square test. The patients in the outside-in technique group were subdivided into three groups for comparison: those with a standard coronal inclination of the femur (30°-59°) were assigned into group II (n=18) and those with less or more than the standard inclination were classified into group I (0°-29°, n=23) or group III (≥60°, n=7), respectively. The Mann-Whitney U test was used to evaluate subgroup differences. A p\<0.05 was considered statistically significant for all statistical analyses.

The intraobserver reliability of the radiographic assessment performed by the two observers was assessed using the intraclass correlation coefficients (ICC). A unpaired t-test was conducted for statistical comparison of the two techniques with a significance level set at p≤0.05.

The intraobserver reliability of the postoperative 3D CT image assessment done by the two orthopedic surgeons was evaluated using ICC.

Results
=======

The mean Lysholm score was 91.4±4.8 in the transtibial group and 93.2±12.6 in the outside-in group. The mean ROM was 135.6±12.6 in the transtibial group and 139.4±8.8 in the outside-in group. The Lachman test results in the transtibial group and the outside-in group were grade 0 in 26 patients and 32 patients, respectively, grade I in 13 patients and 16 patients, respectively, and grade II in 2 patients and none, respectively, and grade III was not observed in both groups. The mean Tegner activity level score was 4.9±5.4 in the transtibial group and 5.1±6.9 in the outside-in group. The mean ligament laxity assessed using the KT-1000 arthrometer in the transtibial group and the outside-in group was 2.82±2.5 and 2.64±2.1, respectively: ≤3 mm ligament laxity was observed in 30 patients and 35 patients, respectively; 3-5 mm, in 8 patients and 12 patients, respectively; and ≥5 mm, in 3 patients and 1 patient, respectively. No statistically significant difference between the two techniques was observed in the clinical assessment (p=0.56, 0.19, 0.07, 0.12, and 0.23). The IKDC subjective knee score in the transtibial group and the outside-in group was 85-100 points in 28 patients and 33 patients, respectively, 70-84 points in 11 patients and 14 patients, respectively, and 55-69 points in 2 patients and 1 patient, respectively, and 0-54 points was not observed in both groups, showing no significant difference between the two techniques. However, the mean score of the two items for joint instability assessment (item 7 and 8, 4 points each) in the IKDC subjective knee evaluation form was 5.44±1.21 in the transtibial group and 6.67±1.13 in the outside-in group, showing significant difference (p\<0.01). The pivot shift test was performed with the hip fully abducted and the tibial band relaxed to improve accuracy of the test. While applying a valgus stress on the proximal tibia with one hand to cause anterior subluxation of the tibia, the examiner grasped the heel of the involved leg with the opposite hand and internally rotated the tibia as the knee is extended. The pivot shift test grade in the transtibial group and the outside-in group was grade 0 in 18 patients and 36 patients, respectively, grade I in 19 patients and 18 patients, respectively, grade II in 3 patients and 4 patients, respectively, and grade III in 1 patient and none, respectively, showing significant difference between the two techniques (p\<0.04). In particular, the pivot shift test grade was significantly low in the outside-in group I compared to the outside-in group III (p\<0.05) ([Table 2](#T2){ref-type="table"}, [3](#T3){ref-type="table"}).

The mean coronal inclination of the femoral tunnel on the plain radiograph was 69.2°±10.2° in the transtibial group and 30.3°±7.5° in the outside-in group and the mean sagittal inclination was 21.6°±7.8° in the transtibial group and 50.8°±4.5° in the outside-in group, showing statistically significant difference between the two techniques (p=0.04, 0.03). The ICC for intraobserver reliability was excellent: it was 0.92 for the coronal inclination measurement and 0.94 for the sagittal inclination measurement.

The 3D reconstructed CT images obtained from 17 patients in the transtibial group and 25 patients in the outside-in group who were available for the 3D CT scan showed that the center of the femoral tunnel was located 32.3%±10.8% and 27.5%±3.7%, respectively, from the posterior articular surface and 18.8%±12.6% and 36.4%±4.8%, respectively, from the roof of the intercondylar notch. The coefficient of variation (CV) used to assess distribution of the femoral tunnel relative to the posterior articular surface was 0.33 in the transtibial group and 0.13 in the outside-in group and that relative to the roof of the intercondylar notch was 0.67 in the transtibial group and 0.24 in the outside-in group. Thus, the outside-in technique exhibited higher reproducibility in terms of the femoral tunnel placement than the transitbial technique ([Fig. 3](#F3){ref-type="fig"}). The ICC for intraobserver reliability was excellent for both measurements of the relative position of the femoral tunnel from the posterior articular surface (0.93) and from the femoral intercondylar notch (0.91).

Discussion
==========

Factors that influence the outcome of an ACL reconstruction include patient selection, surgical technique, postoperative rehabilitation, and concomitant ligament injury. Tibial and femoral tunnel positioning and graft type, tension, and fixation method should also be taken into consideration prior to surgery. Improper bone tunnel positioning can result in abnormal graft tension, reduced ROM, postoperative instability, recurrence of the ACL injury, and a graft tear.

A femoral tunnel can be created using a transtibial technique, AM portal technique, or outside-in technique. The transtibial technique requires relatively short operative time and exhibits high reproducibility. One of the major advantages of the technique is that the femoral tunnel that is created through the tibial tunnel can be positioned at the optimum isometric point[@B11],[@B12]. In the long-term, the use of a transitbial technique in ACL reconstruction results in decreases in the Lachman test grade and anterior tibial dislocation assessed with arthrometer, but slippage and axial instability are often observed[@B7].

The AM approach provides greater rotational stability because of the transverse orientation of the femoral tunnel than the transtibial technique. However, there is no sufficient number of mid- and long-term follow-up studies to prove such a benefit, there is a risk of creating a short femoral tunnel, compromising the posterior tunnel wall, and increasing the need for revision[@B13].

Lubowitz and Konicek[@B14] reported that the outside-in technique could be performed through a small incision that is approximately the size of an arthroscope without additional lateral incision and useful for preventing excessively short femoral tunneling as opposed to the AM technique.

In our study, there was no significant difference between the two techniques in the clinical outcome, except for the rotational instability. The IKDC subjective knee scores for two items related to knee joint stability and pivot shift test grade were higher after ACL reconstruction using the outside-in technique. The pivot shift test has been used as the standard method to evaluate rotational instability of the knee in many recent studies[@B15],[@B16]. In addition, based on recent advances in biomechanical research, the pivot shift test has been considered as an indicator that can quantify rotational instability as well as anterior translation[@B17].

In congruent with the aforementioned studies, the coronal inclination was approximately 30° more vertical when the femoral tunnel was created with the transtibial technique in this study. Vertical orientation of the femoral tunnel in the coronal plane has been associated with restoration of the anterior stability but postoperative rotational instability as well[@B18]-[@B20]. A variety of recent biomechanical studies have demonstrated there is a positive correlation between the horizontal femoral tunnel position in the coronal plane and rotational stability, especially stability for internal rotation of the tibia[@B4],[@B9],[@B11],[@B12]. The sagittal inclination was significantly more horizontal in parallel with the femoral cortex when the femoral tunnel was created using the outside-in technique. This means a greater divergence between the femoral tunnel and the posterior cortex and thus greater preservation of the thickness of the posterior wall of the femoral tunnel, which reduces damage to the posterior cortex during interference screw fixation[@B21]. In a study by Hantes et al.[@B22] the ACL graft was in a more oblique direction in the sagittal plane compared to the orientation of the normal ACL, which was necessitated due to more oblique tibial tunneling for obtaining a longer tibial tunnel.

However, horizontal femoral tunnel orientation on the coronal plane results in a steep angle between the graft and the femoral tunnel, which may increase the risk of graft wear[@B23],[@B24]. In an attempt to reduce the wear-related damage, Graf et al.[@B23] suggested femoral tunnel chamfering.

A statistically significant difference between the two techniques was found in the femoral tunnel position on the 3D reconstructed CT scan assessed using the quadrant method. Several recent studies have shown that the position of the femoral tunnel created using the outside-in technique is close to the optimal position suggested by the quadrant method, which implies that the outside-in technique is more effective for anatomical femoral tunnel placement[@B25]-[@B27]. On the comparison of the CV that is the standard deviation divided by the mean, the CVs for femoral tunnel position relative to the two references on the 3D CT scan were smaller for the outside-in technique, showing that the outside in technique has higher reproducibility for femoral tunnel positioning and that it is difficult to obtain consistency in femoral tunnel placement with the transtibial technique.

The limitations of this study include that long-term follow-up results could not be provided due to the relatively short follow-up after the ACL reconstruction using the outside-in technique, the follow-up period was not identical between the two groups, and the 3D CT scan was not performed in all patients.

The significance of this study is that it shows the outside-in technique that creates a femoral tunnel with a more transverse coronal inclination at the anatomical position provides greater improvement in rotational stability than does the transtibial technique.

Conclusions
===========

The outside-in technique exhibited higher reproducibility compared to the transtibial technique and was more effective for providing rotational stability than the nonanatomical ACL reconstruction technique.

No potential conflict of interest relevant to this article was reported.

![(A) A line parallel to the axis of the femoral tunnel and the distal femoral condylar line were used to calculate the coronal inclination of the femoral tunnel. (B) Sagittal inclination of the femoral tunnel in relation to the posterior femoral cortex in lateral view.](ksrr-25-133-g001){#F1}

![The location of the femoral tunnel aperture centers were established within a 4×4 grid, which was oriented along the most anterior edge of the notch roof. (A) Transtibial technique. (B) Outside-in technique. h: line perpendicular to the Blumensaat\'s line, t: line parallel to the Blumensaat\'s line.](ksrr-25-133-g002){#F2}

![Each distribution of femoral tunnels in (A) transtibial technique and (B) outside-in technique. h: line perpendicular to the Blumensaat\'s line, t: line parallel to the Blumensaat\'s line.](ksrr-25-133-g003){#F3}
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Patients Demographics
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MCL: medial collateral ligament.
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Comparison of Pivot Shift Test between Transtibial and Outside-in Technique
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Fisher\'s exact test. p\<0.042.
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Comparison of Pivot Shift Test between Transtibial and Subgroups of Outside-in Technique
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Coronal inclination at anteroposterior radiograph.

Mann-Whitney U test. p\<0.048.
